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[1]\sim [12] Klein-Gordon $[1, 3]_{\text{ }}$ diatomic $[9, 10]_{\text{ }}$
$[2, 4]$ $[6]\sim[81$
$\mathrm{K}\mathrm{d}\mathrm{V}$ ( $\mathrm{K}\mathrm{o}\Gamma \mathrm{t}\mathrm{e}\mathrm{w}\mathrm{e}\mathrm{g}$ de Vries) diatomic [11] He oltz
[12] –
.
Bloch – $[1, 3]_{\text{ }}$











*e-mail: i m@Xi $.\mathrm{e}\mathrm{h}\mathrm{i}\mathrm{m}\approx \mathrm{u}.\mathrm{a}c.\mathrm{j}\mathrm{p}$






















$\bullet$ – \mbox{\boldmath $\omega$}
Gap
k




1 $Z(x, k)\mathrm{e}^{\mathrm{t}x}\mathrm{i}k-\omega t)$
$x,$ $t$ \mbox{\boldmath $\omega$}, k
$L$ $Z(x, k)$
$Z(x+L, k)=Z(x, k)$ (21)
$u(x, t)$
$u(x, t)= \int_{-\infty}^{\infty}\rho(k)Z(X, k)\mathrm{e}-\omega\iota \mathrm{d}\mathrm{i}(kx)k$ (2.2)
\rho (k) $\rho(k)$ $k=$
k0-\epsilon \Delta $<k<$ +\epsilon \Delta smallness
parameter \Delta $O(1)$
$K$ \rho \tilde (K)
$k=b+\mathcal{E}K$ (2.3a)
$\rho(k)=\mathit{6}^{-1}\tilde{\rho}(K)$ (2.3b)
(2.2) $Z(x, k)$ $O(\epsilon^{2})$
$u(x, t)= \mathrm{e}^{\mathrm{i}(l)}k_{\mathrm{O}}x-\omega 0\int^{\Delta}-\Delta\tilde{\rho}(K)\{1+\epsilon K\frac{\partial}{\partial k}+\frac{1}{2}(\epsilon K\frac{\partial}{\partial k})2\}z(X, u)$
. $\exp \mathrm{i}\{K\epsilon(x-\frac{\mathrm{d}\omega_{0}}{\mathrm{d}k}t)-\frac{K^{2}}{2}\frac{\mathrm{d}^{2}\omega_{0}}{\mathrm{d}k^{2}}\epsilon 2t\mathrm{I}^{\mathrm{d}K}$
$+C.C$. (24)
\mbox{\boldmath $\omega$}o=\mbox{\boldmath $\omega$}( ) d\mbox{\boldmath $\omega$}o/dk=d\mbox{\boldmath $\omega$}( )/dk $\mathrm{d}^{2}\omega_{0}/\mathrm{d}k^{2}=\mathrm{d}^{2}\omega(k_{\mathit{0}^{)}}/\mathrm{d}k^{2}$ ”o,\mbox{\boldmath $\omega$}0





$\Psi(\xi, \tau)=\int_{-\triangle}^{\Delta}\tilde{\rho}(K)$ expi $(K \xi-\frac{K^{2}}{2}\frac{\mathrm{d}^{2}\omega}{\mathrm{d}k^{2}}\mathcal{T})\mathrm{d}K$ (2.5c)
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(2.4)
(2.6)$u(x,t)= \mathrm{e}^{\mathrm{t}^{k}x-}\mathrm{i}\omega t)\{Z(_{X,k})\Psi+\epsilon\frac{\partial Z(X,k)}{\mathrm{i}\partial k}\frac{\partial\Psi}{\partial\xi}+\frac{\epsilon^{2}}{2}(\frac{\partial}{\mathrm{i}\partial k}\mathrm{I}^{2}Z(x, k)\frac{\partial^{2}\Psi}{\partial\xi^{2}}\}+C.C$.
\epsilon $u(x, t)$ $Z(x, k)\mathrm{e}\mathrm{i}(kx-\omega t)$
(2.5c) \Psi $($\xi , $\tau)$
$-$
$\mathrm{i}\frac{\partial\Psi}{\partial\tau}+\frac{1}{2}\frac{\mathrm{d}^{2}\omega}{\mathrm{d}k^{2}}\frac{\partial^{2}\Psi}{\partial\xi^{2}}=0$ (27)




$F(\mathrm{i}\partial_{t},x, -\mathrm{i}\partial x)u(x,t)=0$ (28)
$\partial_{t}=\frac{\partial}{\partial t}$ (2.9a)
$\partial_{x}=\frac{\partial}{\partial x}$ (2.9b)
$F(\mathrm{i}\partial\iota,X+L, -\mathrm{i}\partial_{x})=F(\mathrm{i}\partial t,x, -\mathrm{i}\partial x)$ (2.9c)
(2.9c) $z(X, k)\mathrm{e}^{\mathrm{i}\mathrm{t}k}x-\omega t)$ $u(x,t)$
$F(\omega,x, -\mathrm{i}\partial_{x})\mathrm{Y}(X, k)=0$ , (2.10a)
$\mathrm{Y}(x, k)\equiv Z(x, k)\mathrm{e}^{\mathrm{i}}kx$ (2.10b)
(2.8) (2.6)
$F( \mathrm{i}\mathrm{a}, x, -\mathrm{i}\partial_{x})arrow F(\mathrm{i}\partial_{t}-\mathrm{i}\epsilon\frac{\mathrm{d}\omega}{\mathrm{d}k}\partial\xi+\epsilon\partial 2\mathcal{T}’ x, -\mathrm{i}\partial_{x}-\mathrm{i}\epsilon\partial_{\xi})$ (2.11)
(2.10a)
$F$ ( $\mathrm{i}\mathrm{d},x,$ -i\partial x)[ (2.6) B\not\supset ‘Z
$= \epsilon^{2}\mathrm{e}^{-1t}\iota_{4}J(\frac{\partial F(\omega,x,-\mathrm{i}\partial x)}{\mathrm{a}_{d}}Y(x, k))(\mathrm{i}\frac{\partial\Psi}{\partial\tau}+\frac{1}{2}\frac{\mathrm{d}^{2}\omega}{\mathrm{d}k^{2}}\frac{\partial^{2}\Psi}{\partial\xi^{2}})=0$ , (2.12)
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$\Psi(\xi, \tau)$ (2.5c) (2.6)
(2.7)
$u(x,t)$




$u(X, t)=\epsilon \mathrm{e}-\mathrm{i}\omega t\mathrm{Y}(X, k)\Psi+C.C$ (Bloch )
$\mathrm{i}\mathrm{t}_{k}\mathrm{r}t\partial \mathrm{Y}(x, k)\mathrm{e}-\mathrm{i}kx\partial\Psi$ $-3_{--}\mathrm{i}\omega t(\partial)^{2}\iota\nearrow/-1_{-}\backslash --\mathrm{i}kx\partial^{2}\Psi$
$+ \epsilon \mathrm{e}-\mathrm{i}\mathrm{t}4Jt\frac{\alpha\backslash \cdot vJ^{\vee}}{\mathrm{i}\partial k}2",\frac{\mathrm{I}}{\partial\xi}\mp\epsilon^{3}\mathrm{e}^{-\mathrm{i}\omega t}(\overline{\mathrm{i}\partial}k)Y(x, k)\mathrm{e}^{-}\frac{\mathrm{I}}{\partial\xi^{2}}\mathrm{i}kx+C.C$. ( )
$+\epsilon^{\mathrm{s}_{\mathrm{e}^{-}}\dot{\omega}_{\theta}}l(x)Y(x, k)|\Psi|^{2}\Psi+c.c$. ( )
(2.14)
1 +2 (2.6) \epsilon $\epsilon$





\Psi $($\xi , $\tau)$
(2.14) (2.13) $\epsilon^{3}\mathrm{e}^{-\mathrm{i}\omega l}$
$P(x)( \mathrm{i}\frac{\partial\Psi}{\partial\tau}+\frac{1}{2}\frac{\mathrm{d}^{2}\omega}{\mathrm{d}k^{2}}\frac{\partial^{2}\Psi}{\partial\xi^{2}})+Q(x)|\Psi|^{2}\Psi=0$ (2.16a)
$P(x)= \frac{\partial F(\omega,x,-\mathrm{i}\partial)x}{\partial\omega}Y(x, k)$ (2.16b)
$Q(x)=NL^{(3,1)}(x)+F(\omega,x, -\mathrm{i}\partial)x(\theta(X)Y(X, k))$ (2.16c)








$[1, 3]$ \mbox{\boldmath $\chi$}(x)
\theta (x) (2.17)
$\theta(x)=\mathrm{Y}^{-1}(x, k)F^{-}1(\omega,x, -\mathrm{i}\partial)x\{r\frac{\partial F(\omega,x,-\mathrm{i}\partial x)}{\partial\omega}Y(X, k)-NL^{(3,1})(x)\}$ (2.18)










$-d \frac{\partial^{2}}{\partial x^{2}}E(x, t)+\epsilon(x)\frac{\partial}{\partial t^{2}}E(X, t)=-4\pi\frac{\partial^{2}}{\partial t^{2}}N(x, t)$ (3.1)
$x,$ $t,$ $c$ -








Maxell 2 $D(x, t)$ pD(x, $t$) $/\partial t^{2}$













( ) 2) $E(x, t)$ $\mathrm{Y}$ ($x$ , k)e-“
2
(2.14)
$E(x, t)=\epsilon e-\mathrm{i}\{4JtY(x, k)\Psi+C.C$ (Bloch )
$+ \epsilon^{2}\mathrm{e}^{-\mathrm{i}v}t_{\frac{\partial Y(x,k)\mathrm{e}^{-\mathrm{i}k}x}{\mathrm{i}\partial k}\frac{\partial\Psi}{\partial\xi}}+\epsilon^{\mathrm{s}}\mathrm{e}^{-\mathrm{i}v}t(\frac{\partial}{\mathrm{i}\partial k})^{2}Y(X, k)\ominus-\mathrm{i}kx\frac{\partial^{2}\Psi}{\partial\xi^{2}}+C.C$ . ( )
$+\epsilon^{3}\mathrm{e}^{-\dot{\omega}}\theta t(X)Y(X, k)|\Psi|^{2}\Psi+C.C$. ( )
(3.6)





(3.6) (3.1) $\epsilon^{n}e-\mathrm{i}\omega ll,$ $(n, l=1,2, \cdots)$
$n=1,$ $l=1$ Bloch (3.4) $n=2,$ $l=1$
175
k $n=3,$ $l=1$ (2.16)
$P(x)( \mathrm{i}\frac{\partial\Psi}{\partial\tau}+\frac{1}{2}\frac{\mathrm{d}^{2}\omega}{\mathrm{d}k^{2}}\frac{\partial^{2}\Psi}{\partial\xi^{2}})+Q(_{X})|\Psi|2\Psi=0$ (3.9a)
$P(x)=-2\omega\epsilon(x)Y(X, k)$ (3.9b)
$Q(x)=-12 \pi\omega^{2}K(_{X)}|Y(x, k)|^{2}Y(_{X}, k)-(c^{2}\frac{\partial}{\partial x^{2}}+\omega^{2}\epsilon(_{X})1(\theta(X)Y(x, k))$ $(3.\mathfrak{N})$




. $\int_{x}^{x’+L},\mathrm{d}_{X}$” $(2r\omega\epsilon(X$” $)-12\pi\omega^{2}K(X$” $)|Y(x", k)|^{2})Y2(X", k)$ (3.11)
(2.15) $\theta(x)$
r
$r= \frac{1}{2}\int_{0}^{L}\mathrm{d}x\prime Y^{-2}(X’, k)\int_{x}^{x’+L},\mathrm{d}x$ ” $12\pi\omega^{2}K(X$” $)|Y(X", k)|2Y2(x", k)$
. $( \int_{0}^{L}\mathrm{d}x^{\prime-2}Y(x’, k)\int^{x’}x$”’$(\mathrm{d}X\omega\epsilon X" )+LY^{2}(x", k))^{-1}$ (3.12)
















$\int_{0}^{L}\mathrm{d}xY^{-2}’(X’, k)\int_{x}^{x’+L},\mathrm{d}X$” $F(X$” $)Y^{2}(x", k)$ (3.17)
(3.15a) $\text{ }(3.16\mathrm{a})$




(3.17) $=e^{-2\mathrm{i}kL} \int_{0}^{L}\mathrm{d}\tilde{x}\mathrm{Y}^{-2}(\tilde{X}, k)\int_{\overline{x}}^{\tilde{x}+L}\mathrm{d}\overline{x}F(\overline{x})Y^{2}(\overline{x}, k)$
$=\mathrm{e}^{-2\mathrm{i}kL}(3.17)$ (3.20)




r $r<0$ NLS (3.13) 1
$\Psi(\xi, \tau)=\sqrt{\frac{-2}{r}}A$ sech $(A\xi+2BA\tau)e\mathrm{x}\mathrm{p}\{iA\xi-i(A^{2}-B2)_{\mathcal{T}\}}$ (3.21)
$A,$ $B$ (3.6)
$x$ Bloch
. zone-edge $(\mathrm{d}\omega/\mathrm{d}k=0)$ $B=0$ $E(x, t)$ \epsilon









$\epsilon(x)=(cb)^{2}$ for $(n- \frac{1}{2})L<x<nL$ [caseI]





$\mathrm{Y}(x)=\gamma_{n}\mathrm{e}^{\mathrm{i}a\omega 1x}-nL)+\delta_{n}\mathrm{e}^{-\mathrm{i}1-}a\omega xnL)$ $[\mathrm{c}\mathrm{a}\mathrm{S}\mathrm{e}\mathrm{I}\mathrm{I}]$ (4.2b)








$|trT|<2$ (band ) $|\lambda|=1$
$\lambda=\mathrm{e}^{\mathrm{i}kL}$ , k=( ) $\in\Re$ (4.6)
$(\alpha_{0},\beta))$ T
$\mathrm{Y}(x)$ (4.5) (4.6)
$k$ \mbox{\boldmath $\omega$} :
$\cos kL=\frac{1}{2}trT=\frac{1}{4ab}\{(a+b)2\frac{a+b}{2}\cos\omega L+(a-b)2\cos\frac{a-b}{2}\omega L\}$ (4.7)






$-(a+b)^{2} \exp \mathrm{i}\{-hv(x-nL)+knL+\frac{1}{2}(b+a)\omega L\}$
$-(b-a)^{2} \exp \mathrm{i}\{-bv(x-nL)+knL+\frac{1}{2}(b-a)\omega L\}$
+4ab expi $\{-bv(x-nL)+k(n+1)L\}$ (4.8)
$nL<x<(n+ \frac{1}{2})L$ [
$\mathrm{Y}(x)=+2b(b-a)\exp \mathrm{i}\{+a\omega(X-nL)+knL+\frac{1}{2}(b-a)\omega L\}$
$-2b(b-a)$ expi {$+\alpha v(x-nL)$ (n+1)L}
$-2b(a+b) \exp \mathrm{i}\{-\alpha v(x-nL)+knL+\frac{1}{2}(a+b)\omega L\}$
$+2b(a+b)\exp \mathrm{i}\{-\alpha v(x-nL)+k(n+1)L\}$ (4.9)






$E(x,t)=\epsilon\sqrt{\frac{-2}{r}}\mathrm{Y}(X, k)A\mathrm{s}X\mathrm{h}(\epsilon A_{X)e^{\mathrm{i}}}\epsilon Ax$ exp(-i) $\{\omega-\epsilon^{2}A^{2}\frac{1}{2}\frac{\mathrm{d}^{2}\omega}{\mathrm{d}k^{2}}\}t+c.c$. (4.12)
\epsilon (x) (3.14a) r
$r<0$ k=\mbox{\boldmath $\pi$} \mbox{\boldmath $\omega$} 1
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